The precise contribution of the ipsilateral primary motor cortex (iM1) to hand movements remains controversial. To address this issue, we elicited transient virtual lesions of iM1 by means of transcranial magnetic stimulation (TMS) in healthy subjects performing either a grip-lift task or a step-tracking task with their right dominant hand. We found that, irrespective of the task, a virtual lesion of iM1 altered the timing of the muscle recruitment. In the grip-lift task, this led to a less coordinated sequence of grip and lift movements and in the step-tracking task, to a perturbation of the movement trajectory. In the step-tracking task, we have demonstrated that disrupting iM1 activity may, depending on the TMS delay, either advance or delay the muscle recruitment. The present study suggests that iM1 plays a critical role in hand movements by contributing to the setting of the muscle recruitment timing, most likely through either inhibitory or facilitatory transcallosal influences onto the contralateral M1 (cM1). iM1 would therefore contribute to shape precisely the muscular command originating from cM1.
Introduction
Distal upper limb muscles are predominantly under the control of crossed corticospinal (CS) projections originating from the contralateral motor areas (Porter and Lemon 1993) . However, converging evidence supports the view that the ipsilateral primary motor cortex (iM1) also contributes to hand and finger movements. Indeed, electrophysiological experiments have shown that, in monkeys, the activity of iM1 neurons exhibits a task-related modulation during upper limb movements (Tanji and others 1988; Donchin and others 1998; Kazennikov and others 1999; Steinberg and others 2002; Cisek and others 2003) . In humans, both transcranial magnetic stimulation (TMS) (Stedman and others 1998; Tinazzi and Zanette 1998) and functional imaging studies (Kim and others 1993; Cramer and others 1999) have also concluded that iM1 contributes significantly to hand and finger movements, particularly when a high dexterity is required (Sadato and others 1996; Catalan and others 1998; Hummel and others 2003; Verstynen and others 2005) . Accordingly, disturbing the iM1 activity by means of TMS prolongs simple reaction times (RTs) (Foltys and others 2001) and increases the number of errors in subjects performing complex sequences of finger movements (Chen and others 1997) . Finally, in stroke patients, unilateral lesions involving motor areas have been repeatedly shown to impair ipsilesional upper limb movements (Colebatch and Gandevia 1989 ; Desrosiers and others 1996; Hermsdorfer, Laimgruber, and others 1999; Hermsdorfer, Ulrich, and others 1999; Yarosh and others 2004) .
Although all those studies corroborate the view that iM1 participates somehow in the control of hand and finger movements, its precise involvement remains poorly understood. A recent study has proposed that iM1 may play a crucial role in sequencing the recruitment of hand muscles, as suggested by the deficits in hemiparetic stroke patients while performing step-tracking movements with the nonparetic hand (Yarosh and others 2004) . However, because, in those patients, lesions also involved brain areas other than iM1 and because it is likely that cortical reorganization had occurred, it is difficult to extrapolate, from those results, the actual involvement of iM1 in hand movement control in healthy subjects.
The purpose of the present study was to investigate, in healthy individuals, the role of iM1 in 2 tasks requiring precise hand and finger movements, namely, a step-tracking task Strick 1986a, 1986b ) and a grip-lift task . The former is representative of goal-directed movements and the latter of the precision grip between the thumb and index finger. Both tasks have already been extensively studied in healthy subjects ( Johansson and Westling 1988; Strick 1990, 1999; Flanagan and Wing 1997; Augurelle and others 2003) , and therefore, they provide an ideal framework to investigate the role of iM1 in hand movement control. To address this issue, we used TMS to disturb transiently the activity in iM1; combined with a precise quantification of the motor deficits consequent to such virtual lesions, this approach allowed us to infer the contribution of iM1 to the investigated tasks (Walsh and Cowey 2000) .
Methods
A total of 17 healthy volunteers (23.5 ± 2.1 years) participated in this study. All subjects were right-handed according to the Edinburgh handedness inventory (Oldfield 1971) . Their vision was normal, or corrected to normal, and none of them had a neurological history. Subjects were screened for potential risks of adverse reactions to TMS by means of the TMS Adult Safety Screen (Keel and others 2001) . All experimental procedures were approved by the Ethics Committee of the Universite´catholique de Louvain, and all subjects gave written informed consent.
Grip-Lift Task

Experimental Procedure
Ten subjects (24.3 ± 2.3 years) sat comfortably on a padded chair at a height adjusted so that their right elbow was approximately flexed at 135°on a table with the wrist positioned midway between pronation and supination. The subjects were asked to grasp, under visual control, a 575-g apparatus between the right index and thumb (Fig. 1A) and to lift it to a height of about 20 cm, as indicated by an elastic band. The apparatus consisted of 2 parallel vertical grip surfaces of smooth brass (40 mm diameter, 30 mm apart; Fig. 1A ). Two 3-dimensional forcetorque sensors (Mini 40 F/T transducers, ATI industrial automation, Garner, NC) were used to measure the 3 orthogonal forces (F x , F y , F z ) applied to the grip surface. Sensing ranges for F x , F y , and F z were ±40, ±40, and ±120 N with a resolution of 0.02, 0.02, and 0.06 N, respectively.
The force tangential to the grip surface (load force [LF] ) was the result of the vectorial sum of F x and F y , and the force normal to the grip surface (grip force [GF] ) was given by F z . Subjects were instructed to grasp the object rapidly and to lift it by applying the minimum force required to avoid slips ). An auditory GO signal was delivered at the beginning of the task and was followed, about 3 s later, by another beep indicating the end of the task (Fig. 1B) .
The subjects began with 2 practice blocks of 12 trials without TMS to become acquainted with the task requirements. Then, the experimental session consisted of 6 blocks of 12 trials where repetitive transcranial magnetic simulation (rTMS) was applied over iM1; half of the blocks consisted of sham stimulations (coil perpendicular to the scalp). Because no statistical difference was found between data gathered in the 3 sham blocks (all F < 0.84, all P > 0.05), results from these blocks were pooled together and used as control values. All blocks (3 sham and 3 experimental conditions) were counterbalanced among subjects.
Transcranial Magnetic Stimulation rTMS was delivered using a Rapid Magstim model 200 stimulator (Magstim, Whitland, UK) through a 70-mm diameter figure-of-eight coil placed over the hand area of the right M1. The coil was held tangentially to the skull with the handle pointing laterally and orthogonally to the central sulcus. The coil location was adjusted to optimize the motor evoked potential (MEP) amplitude in the contralateral first dorsal interosseous (1DI) muscle. Once the optimal coil position was found, the ''hot spot'' was marked on a closely fitting electroencephalography cap, and the motor threshold-defined as the lowest TMS intensity required to elicit 5 MEPs larger than 50 lV in a series of 10 stimulations-was determined (Rossini and others 1994) . The TMS intensity was set at 120% of the motor threshold. The rTMS train (10 Hz, 500 ms) was delivered synchronously with the GO signal. For safety reasons, rTMS trains were separated by at least 12 s (Wassermann 1998) .
Data Acquisition and Analysis
The signals from the force transducers were digitized online at 1 kHz with a 12-bit 6071E analog-to-digital converter in a PXI chassis (National InstrumentsÓ, Austin, TX). After the analog-to-digital conversion, the signals were low-pass filtered (15 Hz) with a fourth-order, zero--phaselag, Butterworth filter. The GF and LF onsets were determined automatically, when force values exceeded the mean + 2 standard deviations (SD) of the premovement resting value (Flanagan and Tresilian 1994) .
Electromyographic (EMG) activity was recorded with surface electrodes (Neuroline, Medicotest, Denmark) from 2 intrinsic hand muscles, namely, the ''abductor pollicis brevis'' (APB) and 1DI and from 2 arm muscles, namely, the ''brachio-radialis'' (BrR) and the ''triceps-brachialis'' (TrB). EMG signals were amplified (gain 1K), band-pass filtered (10--500 Hz; Neurolog Digitimer Ltd, UK), and digitized online at 1 kHz using a personal computer. EMG signals were then rectified off-line and aligned with the GO signal. We calculated the EMG baseline by averaging the EMG activity that occurred during a 200-ms interval before the GO signal; then the onset of EMG was defined at a time when the EMG signal exceeded the baseline + 2SD. Because of the inconsistency of the TrB activity in this task, this muscle was not included in the subsequent analyses.
The following temporal parameters were measured (see Fig. 3A ): 1) the RT, defined as the delay between the GO signal and the first EMG activity; 2) the preloading phase (T0--T1), that is, the delay between the mean contact time of the 2 fingers with the apparatus and the onset of LF; 3) the loading phase (T1--T2) during which both GF and LF increase progressively until LF equals the object's weight; and 4) the onset time of the 1DI, APB, and BrR, with respect to the GO signal. The following parameters were also measured (see Fig. 3A ): 1) the peak magnitude of the first derivative of GF (dGF/dt) and LF (dLF/dt), 2) its time of occurrence, 3) the maximum coefficient of correlation between dGF/dt and dLF/dt, and 4) the timeshift that gave the maximum crosscorrelation. These 2 values were gathered for each individual trial by computing a cross-correlation function between dGF/dt and dLF/dt and were used to estimate the overall grip-lift synergy (Duque and others 2003) . The maximum coefficient of correlation permits to quantify the similitude between GF and LF, and the timeshift provides a measure of the asynchrony between GF and LF; a positive value of timeshift indicating that GF leads LF.
Statistical Analysis
The effects of iM1 stimulation on temporal and dynamic parameters were analyzed by means of one-way repeated measure analysis of variance (ANOVA RM ) with TMS (sham or rTMS) as factor. In order to compute correlations (Pearson procedure), the influence of TMS on movement parameters was expressed as a percentage of control values (TMS/Sham 3 100).
Step-Tracking Movements
Experimental Procedure
Ten subjects (22.7 ± 2.3 years) sat comfortably in front of a computer screen at a distance of 65 cm; their right forearm was fastened midway between pronation and supination on a padded armrest. The subjects used their right hand to grasp the handle of a lightweight manipulandum Strick 1986a, 1986b ) that allowed us to measure the wrist displacements in the horizontal (flexion--extension [FE] ) and vertical (radial--ulnar deviation [RU] ) axes (see Fig. 2A ).
A feedback of the manipulandum position was continuously displayed on the computer screen as a yellow circle (diameter 4 mm). Each trial started with the wrist in a neutral position, indicated by a square displayed on the screen center for 700 ms. Then, the central square was turned off, and one peripheral target was displayed simultaneously. Targets were 17 mm squares (1.6 degrees) presented randomly at an eccentricity of 7 degrees in 1 of the 4 corners of the screen; the amplitude of the wrist movements required to move the yellow circle on the target was 20 degrees (Fig. 2B ). Subjects were instructed to reach the target as rapidly and as accurately as possible and to keep the yellow circle stable on the target for at least 700 ms. The target was then turned off, and the subject had to move the manipulandum back to its neutral position.
We used single-pulse TMS applied over iM1 to disrupt its normal activity during movement preparation (see below). Before the experimental session, the subjects practiced the task without TMS (2 blocks of 60 trials). Then, TMS was applied over iM1 while subjects performed the step-tracking task (4 blocks of 40 trials). TMS was triggered randomly either 100 or 200 ms after target presentation; half of the blocks were shammed (coil perpendicular to the scalp). Because no statistical difference was found between data gathered during the sham blocks (all F < 0.29, all P > 0.05), all results were pooled together and used as control values. All blocks (2 sham and 2 experimental conditions) were counterbalanced across subjects.
In order to examine more precisely the time course of iM1 contribution to hand movement control, we measured, a posteriori, the actual delay between TMS and agonist muscle onset for each individual trial. Then, all trials were sorted into 13 bins of 20 ms width, ranging between 220 ms before and 40 ms after the EMG onset. This analysis was performed for each subject, and for each bin, a mean value was calculated provided it contained at least 3 data points. Then, the values gathered for each subjects were averaged.
Transcranial Magnetic Stimulation
The right, ipsilateral, M1 was stimulated with a 70-mm diameter figureof-eight coil connected to a Magstim 200 stimulator (Magstim, Whitland, UK) and placed in the same orientation. We determined the location of the coil that required the lowest stimulation intensity to produce a visible movement of the contralateral wrist. The motor threshold was defined as the TMS intensity that elicited a visible wrist movement in 5 out of 10 trials. Then, the TMS intensity was set at 120% of the motor threshold.
Data Acquisition and Analysis
The signals from the 2 potentiometers of the manipulandum were amplified (gain = 5), digitized (sampling rate: 1 kHz; PCI-6023E, National InstrumentsÓ, Austin, TX), and stored on a personal computer for offline analysis. Signals were low-pass filtered off-line (16 Hz) with a fourthorder, zero--phase-lag, Butterworth filter. EMG activity was recorded from 4 forearm muscles, namely, the extensor carpi radialis longus (ECRL), extensor carpi ulnaris, flexor carpi radialis, and flexor carpi ulnaris (FCU). These muscles were selected because they are exclusively dedicated to wrist movements and because each of them has a pulling vector directed predominantly toward 1 of the 4 target directions (Hoffman and Strick 1999; Bawa and others 2000) . EMG signals were recorded from surface electrodes (Neuroline, Medicotest, Denmark) separated by 20 mm. The raw EMG signal was amplified and filtered online (gain: 1K, band-pass filter: 10--500 Hz; Neurolog NL-824, Digitimer, UK), digitized at 1 kHz (PCI-6023E, National InstrumentsÓ, Austin, TX), and stored on a personal computer for off-line analysis. EMG data was then rectified and aligned on the target appearance. We calculated the EMG baseline during the 200-ms interval before the target presentation. The onset of EMG was defined as the time when EMG signal exceeded the baseline + 2SD.
The following temporal parameters were measured ( Fig. 4A ): 1) the RT, defined as the delay between the target appearance and the onset of the first voluntary EMG activity, 2) the movement time (MT), defined as the period of time between the voluntary EMG onset and the entry of the cursor into the target provided that it remained on the target at least for 700 ms, and 3) the onset time of the agonist, antagonist, and the mean onset time of the 2 stabilizer muscles (Hoffman and Strick 1999) .
Additionally, we also measured the following kinematic parameters: 1) the total distance traveled by the wrist during MT and computed as follows:
where FE and RU were, respectively, the wrist positions along the FE and RU axes; 20 degrees being the shortest distance between the screen center and any peripheral target.
2) The peak velocity of wrist movements and 3) its time of occurrence. 4) An index of trajectory linearity, named the displacement ratio (DR), estimated by computing the ratio between the actual wrist path length and the shortest distance between the starting and movement end point; a straight wrist displacement, without overshooting, would give a unitary DR value. 5) The initial movement direction was determined by computing the direction of the velocity vector at the acceleration peak, which occurred about 80 ms (78.4 ± 18.2 ms, mean ± SD) after movement onset, before any visual feedback could take place (Prablanc and Martin 1992) . 6) The error in Figure 2 . (A) Manipulandum used to study step-tracking wrist movements. Two potentiometers were coupled to this device to measure the wrist displacements in the horizontal (FE) and vertical (RU) axes. The subject's wrist was positioned carefully so that the rotation center of the handle matched that of the wrist. (B) Schematic view of the computer display, as viewed by the subject, showing the central square, the 4 peripheral targets (light gray), and 4 illustrative trajectories of control step-tracking movements. Only one peripheral target was presented at once. The path length of the wrist necessary to reach the target was 20 degrees. Flexion/extension movements of the wrist are represented along the x axis and radial/ulnar displacements along the y axis. Positive values on the x and y axes represent, respectively, an extension and a radial displacement.
the initial movement direction relative to the target, defined as the absolute value of the difference between the initial movement direction and the target direction.
Statistical Analysis
Three-way ANOVAs RM were performed on each movement parameter with TMS (sham or TMS) DELAY (100 or 200 ms), and TARGET location as within-subject factors. One-way ANOVAs RM with BIN as within-subject factor were also performed to determine the time course of iM1 contribution to step-tracking movements. Post hoc tests were performed when required and corrected for multiple comparisons (Bonferroni). Data were considered significantly different for corrected P values < 0.05. In order to compute correlations (Pearson procedure), the influence of TMS on movement parameters was expressed as a percentage of control values (TMS/Sham 3 100).
Results
Effect of iM1 Virtual Lesion on Grip-Lift Movements
All control values of grip-lift movements are given in Table 1 , and a typical example is shown in Figure 3A . It is well known that a parallel increase in both GF and LF is critical when performing grip-lift movements, leading to a tight synergy between the grip and lift phases . This synergy is evidenced by a high correlation coefficient between dGF/dt and dLF/dt, that unveils the similarity between GF and LF, and a minimal timeshift, which indicates a tight temporal coupling between GF and LF (Duque and others 2003) . Disrupting the activity of iM1 altered dramatically grip-lift movements, as shown in Figure 3B (see also Table 1 ). Indeed, a virtual lesion of iM1 led to a significant decrease in both the preloading and loading phase durations (ANOVAs RM , all F > 6.24, all P < 0.02) and to a higher peak value for both dGF/dt and dLF/dt (all F > 4.54, all P < 0.03). In addition, following TMS of iM1, we found that the peak of dLF/dt occurred later when compared with controls (F = 5.21, P = 0.002), whereas the time to peak of dGF/dt was unchanged (F < 1). It is noteworthy, however, that this later dLF/dt peak was systematically preceded by a smaller peak in dLF/dt (Fig. 3B ). As further indicated by a lower correlation between dGF/dt and dLF/dt (F = 10.56, P < 0.001, see Fig. 3B ) and a much longer timeshift (F = 4.52, P = 0.021) than in controls, we can conclude that a virtual lesion of iM1 altered the overall grip-lift synergy.
Additionally, a precise temporal recruitment of distal and proximal muscles is crucial to perform smooth grip-lift movements because it determines the appropriate duration of the preloading and loading phases ( Johansson and Westling 1988) . A virtual lesion of iM1 modified the delay between the recruitment of hand and forearm muscles (see Table 1 ). Indeed, the delay between the 1DI and BrR contraction decreased from 33.5 ± 9.3 ms in controls to 18.7 ± 10.4 ms following a virtual iM1 lesion (F = 8.25, P = 0.002); the delay between the intrinsic hand muscles was unchanged. The shortening of the interval between distal and proximal muscle recruitment correlated well with movement deficits, as evidenced by a significant correlation between the 1DI--BrR delay and both the preloading phase duration (Pearson correlation, r = 0.87, P = 0.001) and the crosscorrelation coefficient between dGF/dt and dLF/dt (Pearson correlation, r = 0.82, P = 0.001).
Effect of iM1 Virtual Lesion on Step-Tracking Movements
All control values gathered for step-tracking movements are given in Table 2 , and a typical movement is illustrated in Figure  4A .
Step-tracking movements are typically characterized by a rapid and nearly rectilinear, overshooting, component followed by small corrective movements. The muscle recruitment pattern underlying such movements has been already extensively investigated in healthy subjects Strick 1990, 1999) .
As shown in Figure 4B ,C, for both TMS delays, a virtual lesion of iM1 altered dramatically the trajectory of step-tracking movements and the muscle recruitment. ANOVAs RM showed a significant TMS 3 DELAY interaction for the onset time of both the agonist (F = 23.10; P = 0.001) and antagonist muscles (F = 8.45, P = 0.008), for the agonist--antagonist delay, and for the agonist--stabilizer delay (all F > 10.42; all P < 0.001). We also found a significant TMS 3 DELAY interaction for MT (F = 7.28; P = 0.004), DR (F = 14.46; P = 0.004), and the error in the initial movement direction (F = 5.42, P = 0.012). In contrast, the peak velocity, the time to peak, and the initial movement direction of step-tracking movements were unaltered following iM1 TMS (all F < 1; Table 2 ).
When TMS was applied over iM1 100 ms after target presentation (Fig. 4B) , the recruitment time of the agonist muscle, which was used to determine the RT in the present experiment, occurred earlier than in controls (t = 8.23, P < 0.001; Table 2); the antagonist and stabilizer onset times remained unaffected. As a consequence, the agonist--antagonist and agonist--stabilizer delays increased in the 100-ms delay condition (all t > 5.15, all P < 0.018; Fig. 4B and Table 2 ). In contrast, TMS applied 200 ms after target presentation (Fig. 4C ) significantly delayed the recruitment time of the agonist muscle (t = 3.87, P = 0.004); it also advanced the antagonist onset time (t = 4.94, P = 0.003) but left the stabilizer recruitment time unchanged when compared with controls. Therefore, this yielded a shorter agonist--antagonist delay and a shorter agonist--stabilizer delay (all t > 6.55, all P < 0.001; Fig. 4C ). A virtual lesion of iM1 induced 200 ms after target presentation also led to a larger DR (t = 7.43, P < 0.001) and MT (t = 4.21, P = 0.007) and a larger error in the initial movement direction (t = 4.47, P = 0.021). Although TMS of iM1 failed to induce a systematic change in the mean initial movement direction of step-tracking movements (absence of main effect of TMS, ANOVA RM , F < 1), the larger errors in the initial movement direction indicate that the initial direction was actually much more variable after iM1 virtual lesions.
For those 2 TMS DELAYS (100 or 200 ms), all the aforementioned effects were found irrespective of the movement direction, as shown by an absence of TARGET main effect (all F < 1).
Time Course of iM1 Contribution to
Step-Tracking Movements A more detailed analysis allowed us to determine precisely the time course of iM1 contribution to step-tracking movements (see Methods); ANOVAs RM showed a significant effect of BIN on the muscle recruitment (all F > 3.24, all P < 0.025). As shown in Figure 5A , when TMS fell between 120 and 80 ms before the agonist onset, the agonist--antagonist delay increased significantly (all P < 0.05). Because, within that time window, the antagonist onset time was unchanged, it can be concluded that this increase in the agonist--antagonist delay was due to an early recruitment of the agonist. In contrast, when TMS was applied later, between 60 and 0 ms before the agonist onset, the agonist--antagonist delay was considerably shortened, along with a decrease in the antagonist onset time (all P < 0.05); this suggests that at those delays (60--0 ms), TMS of iM1 advanced the antagonist recruitment and/or delayed that of the agonist. Comparable results were obtained for the stabilizer muscles. As illustrated in Figure 5B , when TMS occurred 120--80 ms before the agonist onset, the agonist--stabilizer delay increased as a consequence of an earlier agonist onset. In the 80-to 60-ms time window, TMS led to a shorter agonist--stabilizer delay because of an advanced stabilizer onset. It is noteworthy that, because the stabilizer recruitment occurred on average 29.8 ± 8.4 ms after that of the agonist, TMS applied in the 80-to 60-ms time window occurred actually 110--90 ms before stabilizers are normally recruited. Finally, we found an increased agonist--stabilizer delay when TMS fell 0--20 ms after the agonist onset (i.e., 30--10 ms before the stabilizer recruitment) consequent to a delayed stabilizer muscle contraction (ANOVAs RM , all F > 4.65, all P < 0.05). In summary, these results suggest that a virtual iM1 lesion induced around 100 ms before the normal recruitment of a given muscle advances its contraction time, whereas it delays it when occurring about 30 ms before its contraction.
Those changes in muscle delays correlated tightly with the TMS-induced deficits observed in step-tracking movements. Indeed, the larger the changes in the agonist--antagonist delay, the longer the movement trajectories. This was true regardless of a decrease (r = -0.89, P < 0.001; left part of Fig. 5C ) or an increase (r = 0.9, P < 0.001; right part of Fig. 5C ) in the agonist--antagonist delay. However, it is noteworthy that step-tracking movements were more susceptible to a decrease, than to an increase, in the agonist--antagonist delay: a rather small decrease in the agonist--antagonist delay already affected the movement trajectory, whereas it was altered only for much larger increases in the agonist--antagonist delay. Comparable correlations between DR and the agonist--stabilizer delay were observed, both when the delay decreased (r = -0.82, P = 0.003) and when it increased (r = 0.68, P = 0.03). Finally, the MT and the error in initial movement direction were also significantly correlated with changes in both the agonist--antagonist and the agonist--stabilizer delays.
Discussion
The aim of the present study was to investigate the contribution of iM1 to hand movement control. Although previous studies have already pointed out the significant involvement of iM1 in tasks requiring a very precise control of forces others 2000, 2001) or accurate timings (Chen and others 1997; Hummel and others 2003; Verstynen and others 2005) , the exact nature of its contribution remains unclear. To our knowledge, the present study is the first attempt to quantify motor deficits induced by iM1 virtual lesions in 2 standard tasks, which have in common to rely critically on cortical control as evidenced by their susceptibility to CS lesions (Hoffman and Strick 1995; Forssberg and others 1999; Duque and others 2003; Hermsdorfer and others 2003; Yarosh and others 2004) . Such an approach in healthy subjects permits to get round difficulties in interpreting results from stroke patient studies. The present study suggests that iM1 may play a crucial role in shaping the motor commands to hand muscles, most likely through transcallosal influences onto the cM1.
The main finding of the present study is that a virtual lesion of iM1 altered the timing of muscle recruitment, leading to significant motor deficits in both tasks. In the grip-lift task, the contraction of the BrR, the muscle involved in the lifting phase, occurred too early following TMS of iM1, yielding a shorter preloading phase. However, TMS of iM1 also delayed the dLF/dt peak leading to a longer timeshift between dGF/dt and dLF/dt than in controls. Those apparently contradictory results can be explained by the fact that the earlier BrR burst, which accounts for the preloading phase shortening, was inadequate to insure a proper lift of the object and was then followed by a second, postponed, BrR contraction, responsible for the delayed dLF/dt peak. Altogether, those alterations in movement parameters led to a less optimal grip-lift synergy, as evidenced by the results of the cross-correlation analysis.
A virtual lesion of iM1 also affected the muscle recruitment timing in the step-tracking task: when a virtual lesion of iM1 was induced about 100 ms before a muscle normally becomes active, it led to its earlier recruitment, and when TMS occurred closer to the normal contraction time of a given muscle, it delayed its recruitment. It is noteworthy that these changes in muscle recruitment delays led to noticeable deficits in steptracking movements, highlighting the importance of a precise temporal muscle pattern for performing such a task accurately. In addition, we found that the motor deficits in step-tracking movements were more pronounced when TMS of iM1 induced a decrease than when it yielded an increase in muscle delays, confirming the deleterious consequences of muscle cocontractions on precise movements Strick 1990, 1995; Yarosh and others 2004) .
There is substantial evidence that, via the corpus callosum, each M1 exerts reciprocal influences on homonymous body part representations in the opposite motor cortex (Jenny 1979; Gould and others 1986; Ferbert and others 1992; Meyer and others 1995; Boroojerdi and others 1996; Di Lazzaro and others 1999) . In healthy individuals, these interactions are known to be modulated during motor preparation. The transcallosal influence arising from iM1 and targeting cM1 is initially inhibitory and is maximal about 100 ms before the muscle recruitment; the inhibition then decreases progressively and converts to Figure 5 . (A) Time course of the consequences of TMS of iM1 on the antagonist onset (white histograms) and on the agonist--antagonist muscle delay (gray histogram) with respect to the onset of the agonist muscle contraction. When TMS was applied 120--80 ms before the agonist onset, it increased the agonist--antagonist delay without affecting the antagonist contraction time. TMS applied in a 60-to 0-ms time window before movement onset, decreased both the agonist--antagonist delay and the antagonist contraction time. Controls are the mean values gathered in the sham condition: **P < 0.001 and *P < 0.05 obtained after Bonferroni t-tests. Bin width 20 ms. (B) Time course of the consequences of TMS of iM1 on the stabilizer onset (white histograms) and on the agonist--stabilizer delay (gray histogram) with respect to the onset of the agonist muscle contraction. When TMS was applied 120--80 ms before the agonist onset, it increased the agonist--stabilizer delay without affecting the stabilizer contraction time. TMS applied in an 80-to 60-ms time window decreased both the agonist--stabilizer delay and the stabilizer recruitment time and, finally, when applied in a 0-to 20-ms time window, it increased both the agonist--stabilizer delay and the stabilizer recruitment time. Same conventions as in (A). (C) Correlations between TMS-induced changes in DR and in muscle delays (agonist--antagonist and agonist--stabilizer) computed using the Pearson correlation procedure. Changes in both DR and muscle delays are expressed as a percentage of control values (TMS/Sham 3 100); control values are therefore at the intersection of the 2 dotted lines. Both a decrease and an increase in muscle delays led to a longer trajectory of step-tracking movements. Correlations were computed only for the muscle delays significantly different from control values (see Fig. A,B) . Solid lines indicate the regression computed between the agonist--antagonist delays and DR (left: r = -0.89, P < 0.001; right: r = 0.9, P < 0. facilitation just before the muscle becomes active (Murase and others 2004) . In stroke patients, an abnormal persistence of this transcallosal inhibitory influence may contribute to the paretic hand impairment (Murase and others 2004; Duque, Hummel, and others 2005) .
In the present study, TMS of iM1 most likely interfered with these transcallosal influences during movement preparation, highlighting their critical contribution to movement control. Indeed, by producing a virtual lesion of iM1 100 ms before the contraction of a given muscle, we probably impeded the transcallosal inhibitory influence normally exerted by iM1 on the opposite hemisphere, leading to an early release of the transcallosal inhibition exerted on cM1, and therefore advancing that muscle recruitment. In contrast, by disrupting iM1 activity later, about 30 ms before the muscle contraction, when the transcallosal influence is facilitatory (Murase and others 2004; Duque, Hummel, and others 2005) , we possibly hampered this facilitation and delayed the muscle recruitment. This hypothesis is illustrated in Figure 6 which shows the putative time course of iM1 influences exerted on the cM1 representations of the 3 muscle groups involved sequentially in the steptracking task. Each sigmoid symbolizes the time course of the transcallosal influence between iM1 and cM1 during movement preparation for each muscle involved sequentially in the steptracking task, namely, the agonist (red), stabilizers (green), and antagonist (blue). The time windows during which TMS led either to an advanced or to a delayed recruitment of these 3 muscles are indicated by horizontal rectangles (see Legend of Fig. 6 for details) . Consistently with our hypothesis, a recent study has reported impaired step-tracking movements in stroke patients when performing the task with their nonparetic hand because of a too early recruitment of the antagonist muscle (Yarosh and others 2004) . This deficit was interpreted as the consequence of a constantly lower inhibitory influence from the lesioned hemisphere to the intact M1 (Liepert and others 2000; Shimizu and others 2002) .
Inhibitory mechanisms involving interhemispheric (Ferbert and others 1992; Murase and others 2004; Duque, Hummel, and others 2005; Duque, Mazzocchio, and others 2005) , and also intracortical processes (Liepert and others 1998; Reynolds and Ashby 1999; Stinear and Byblow 2003) , are thought to play a crucial role in motor control by ensuring the recruitment of a given set of muscles at the right timing (Hallett 2003 (Hallett , 2004 Murase and others 2004; Sohn and Hallett 2004a) . This view is supported by many clinical studies on dystonia showing that an inappropriate inhibition is the main pathophysiological mechanism in those patients (Sohn and Hallett 2004b; Butefisch and others 2005) . In healthy subjects, inhibitory mechanisms are likely to be of particular importance in tasks that require an accurate temporal control (Chen and others 1997; Hummel and others 2003; Verstynen and others 2005) , a high-muscle selectivity (Verstynen and others 2005) , or a very fine force production others 2000, 2001) . It is therefore sensible to hypothesize that the more precise and selective a muscle sequence has to be during a given movement, the more critical the iM1 contribution is. In agreement with this view, functional imaging studies have shown that all these tasks lead consistently to a significant activation of iM1 (Kim and others 1993; Cramer and others 1999; others 2000, 2001; Hummel and others 2003; Verstynen and others 2005) .
Because the CS system is known to have a small contingent of uncrossed projections to the spinal cord (Nathan and others 1990; Galea and Darian-Smith 1997) , it has been frequently suggested that iM1 could influence hand movements through these ipsilateral projections (Yarosh and others 2004; Verstynen and others 2005) . However, in the present study this hypothesis appears unlikely. First, these projections mainly innervate proximal muscles of the upper limbs (Brinkman and Kuypers 1973; Lacroix and others 2004 ) but very few innervate hand muscles. Second, it has been shown that the optimal site to elicit ipsilateral MEPs is located lateral and ventral with respect to the site we stimulated (Wassermann and others 1994; Ziemann and others 1999) . It is therefore unlikely that we have elicited ipsilateral descending volleys, as further suggested by the absence of ipsilateral MEPs in hand muscles. Finally, most studies that have investigated the M1 inhibitory influence on the excitability of ipsilateral hand muscles have shown that it mainly relies on transcallosal connections (Ferbert and others 1992; Di Lazzaro and others 1999) .
Besides, one might argue that the effects found in the present study were caused, at least partly, by a spread of induced current to premotor cortical areas, known to be activated during Figure 6 . Schematic view of our hypothesis about the differential effects of iM1 virtual lesions on muscle contraction times. Our hypothesis is based on the results of a study by Murase and others (2004) showing that, at an early stage of movement preparation, the inhibition influence from iM1 to cM1 is maximal about 100 ms before the muscle recruitment; then it diminishes progressively and converts to facilitation just before the muscle becomes active. The time course of the transcallosal influence during movement preparation is represented by one sigmoid for each muscle group recruited sequentially in the step-tracking task (red: agonist, green: stabilizers, blue: antagonist); the 3 sigmoids were aligned with respect to the contraction time of the agonist (0 ms on the x axis). The color dots on each sigmoid indicate the approximate contraction time for each muscle as measured in control trials. The time windows during which TMS led either to an advanced or to a delayed recruitment of these 3 muscles are indicated by horizontal rectangles (see Fig. 5A ,B for details). Filled rectangles indicate time windows when TMS advanced the muscle contraction and open rectangles when it delayed it. Color codes are the same as before: red, agonist; green, stabilizers; blue, antagonist. Because, in the present study, TMS was delivered a long way from the antagonist recruitment time, iM1 virtual lesions failed to delay its recruitment. The inset illustrates the same differential effects of TMS on muscle recruitment times but after shifting the 3 sigmoids in such a way that the contraction time of each muscle was realigned. This shows more clearly that the effects of iM1 virtual lesion on the muscle recruitment are the same for each muscle and only depend on the timing of TMS application. By inducing a virtual lesion of iM1 around 120--80 ms before the contraction of a given muscle, TMS advanced its recruitment, probably by impeding the transcallosal inhibitory influence normally exerted by iM1 on the opposite hemisphere. In contrast, by disrupting iM1 activity later, about 30 ms before the muscle contraction, when the transcallosal influence is facilitatory, we delayed the muscle recruitment, possibly by interfering with this facilitatory transcallosal influence.
ipsilateral hand movements (Cramer and others 1999; Ziemann and others 1999; Huang and others 2004; Hanakawa and others 2005; Verstynen and others 2005) . However, it is unlikely that such a spread could be responsible for the effects reported here. Indeed, several studies have shown that TMS applied over M1 and to premotor cortex leads to differential deficits in hand movements (Schluter and others 1999; Johansen-Berg and others 2002; Davare and others 2006) .
Finally, the distinct consequence of iM1 virtual lesions, depending on the TMS delays, allows us to rule out the hypothesis that the deficits in step-tracking movement were due to unspecific effects of TMS, such as the twitch induced in the contralateral hand. In addition, it has been shown that magnetically evoked hand muscle twitches fail to affect the movement performance of the opposite hand (Chen and others 1997) .
In conclusion, the present study suggests that iM1 plays a significant role in shaping the muscular command generated by the cM1 by allowing the muscle recruitment at the appropriate timing, through either transcallosal inhibitory or facilitatory influences onto the cM1. However, because some asymmetries have been suggested in the activation of the dominant and nondominant M1 in the control of ipsilateral hand movements (Kim and others 1993; Cramer and others 1999; Haaland and others 2004; Verstynen and others 2005) , the question arises as to whether the effect of virtual lesion of the dominant iM1 would lead to comparable deficits in the nondominant hand. Because the dominant M1 is thought to exert a greater control on ipsilateral hand movements than the nondominant M1 (Verstynen and others 2005), we would expect even greater deficits following a virtual lesion of the dominant iM1.
Notes
